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@ Application of tatrathlefulvatensa In WQalectrochamlcaiproemaa. 

( g) B loatectfochemlcel prooesaas uae tatrathlofutv&lenes 
fTTF) as a mediator of electron transfer between biological 
eystems and eleetroOee, Typically ft finds uee In bloetectro- 
chemlcal assaya. e.g. InvoMng glucose oxidase mediated 
oxidation of gluoose. The TTF may be Immobilised on the 
electrode surface, as may one or more enzymes Invohmd in the 
process. 
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APPLICATI N OF TETRATHIARJLVALENES \H BIOELECTROCHEMICAL PROCESSES 



Reld of the frnreation 
The preasnt Invention relates to the use of tetrathlafuhmleno (TTF) 




and fts derfvetives as mediator cnoteciries In the transfer of etactrans between redox systeme and electrodes in 
bloelectrochemfcaf procesees. Such proeeesefl may be for example bloeleetrochemlcaJ assay procedures, 
biological fuel cells and bloelectraeynthesls of chemicals. 

Background to the InvantTon 

The electrochemlstiy of oxidoreductaaes has received coneldaFable attention In relation to applications In 
enzyme eleclrodesa-4). Many of the same conefdemtlons app^ to their use In Immunoassay end other 
enzyme-labatlad ass^ e^. DMA and RNA probe essays. In particular, highly efflclent coupling of enzymic 
activity to the electrochemical detector le essentiaf for aenatth^ and rapid assays. A number of approaches for 
the realisation of electron transfer Itom biological systeme to amperometrtc electrodes have been described^ 
but arguably the most effective Is the use of low molecular weight medtstora to shuttle electrons between the 
catalyst and an electrode. Various mediators that have been raported for use In enzyme electrodes, such as 
ferrlpyanldeCB). tstracyano-p-qutnodlmethanemand fanroceneC?-^) could also be useful In Immunossnsors. 



Electrode 




O • Antlgea 

« Oxldorodudaso 
Med - Mediator 



Mediated enzyme-linked Immunoassay, In which a GOD label was monitored using a fanrDcene derfvath/a. 
was first reported In 198500). a more elegant poaslbltity Is the use of the mediator molecule as a labeL Weber et 
alOD produced a conjugate of morphine and ferrocene carboxyllc acid. They showed that ttie electrochemical 
oxidation of the femocene label was reduced when morphine antibody bound the conjugate end used this 
principle In a dlsplaoament assay for codeine (aee (a) below). Since the key to practical oxldoreductasa 
electrochemistry la the availability of a mediator such as fBrrocane, ft was apparent that ttiis principle could be 
used to trigger an electrochamlcally coupled enzyme-catalysed reaction (see (b) below). 
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The affectfva recycling of the ferrocene by GOD resute In a further ampfrffcatton of the signal over 
electrochemlcaf nol£e due to electroactfve eubetances preeent In the sample. 

EfectroehamlcaOy coupfad enzyme reactions may also be activated by providing missing cofactors or 
coenzyme8(i2). Quinoprotain dehydrogenases oould prove parttcularty vaJuable In this respect 

An immunoassay tor prostatic acid phosphatase (PAP), a pros tate tumor marlcer from human serum, which 
relies on enzyme amplification Is shown belowto). 
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The catalytic actMty of the enzyme label (alkaline phosphatase) used In a sandwich assay Is monitored by 
the addition of the substrate r4ADP+ leading to the fomiatfon of the dephosphoiylatad product NAD*. The 
NAD+ formed enters a redox cycte Involving the enzymes alcohol dehydrogenase and diaphoraae leadlrig to eo 
the reduction of a m diator (ferrfcyanfde). Electrons from the NAD-(-/MADH redox cycle passed via th 
diaphoraae to the Feiii(CN)6/Feii(CN)6 couple. The reduced spacfes Feu(CN)e was reoxidlsed at a platinum 
lectrode at 460 mV versus a saturated calomel el ctrode produ Ing an amperametrfc response. 

Simitar principles may b% appll d to ther efflntty reactions such as Dl^ and RNA probe assays. 
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comprisrng an organic solid «4th metal-IIka electrfeal conductMly (^organic metal'). Thes substances are 
tonned as charge-inmsfiar complaxe betwoen an electron donor molecul and an electron acc ptor 
molecule. The principal investigations have been with 7,73.a-tetraGyenoqulnodlmethane (TCNQ) as electron 
accepted and N-methyl-phenazinium (NMP) as electron donor, but the possfbfllty of TTF+ TCNQ- complexes 
has also been CQnsidered04). However, the present Invention Is daaflng with the use of TTF In a different 
context; uncomplexed. as a mediator of electron transfar. 

Summary of the Invention 

According to one aspect of the present Invention there Is provided a bfoelecfrochemlcaj process Involving 
electron transfer between a redox system and an electrode, characterised In that said electron transfar Is 
mediated by a tetrHthfafufvaJene, not being an "organic metal* complox- The TTF Is preferably deposited on the 
electrode, but may be In solution. An oxidoreductase enzyme m^ be brtmobinsed on the electrode. The 
Invention also Includes essay procedures tncorporatlng such processes, and TTF-modmed electrodes for use 
In the processes. 

Brief description of the drswOTfls 
Further features of the Ihventf on will be described with reference to the accompanying drawings, wherein: 
Rg J shows a dIegiBmmatIc cross-sectlenal side view of an electrode ; 

Rg2 Is a graph showing current potential response of a TTF-modMed glucose oxidase electrode: 

Flg^ Is a graph showing a csflbrstlon curve of steady state current versus glucose concentration for a 
TTF^odified glucose oxidase electrode; 

Ffg^ la a graph showing e pH prorflla of the TTF-modlfled gtucos» oxidase electrode; 

Is a greph showing temperalure response of the TTf^odified gtuoose oxidase electrode; 

F\q£ Is a graph showing the effect of nitrogen and oxygen saturation on the anodic current of a typical 
TTF-fnodffled glucose oxidase electrode, at aatunatfng glucose concentration; 

Rg./ is a graph showing the decay of a typical TTF-modmed glucose oddase elsctrade at saturating 
glucose concentration; 

Rg.6 shows a callbreiion curve of a membrane-entrapped glucose dehydrogenase TTF-modllled 
electrode; 

Rg.9 shows a linear sweep vottammogram of solublflsed TTF and glucose with (curve A) and without 
(curve B) glucose doddaee; and 

Rg.[0 Is a graph showing a calibration curve of steady state current versus glucose concentration for a 
TTF-modtfled electrode on which GOD has been Immobilised tfy an Improved procedure. 

Detafled description 

Construction of Bsctrode 

A) As shown In Rg. I an efactroda K) is constructed from a 6.0 mm diameter graphite ton disc 12 which Is 
cemented to 3i) cm length of precut soda glass tube 18, 7JQ mm In diameter, using epo)^ rwln 
(Analdrte - Trnde Name). The rasin Is allowed to harden for 20 minutes at 100* C. A 6 cm length of Insulated 
wire Is attached to the back of the graphite foil 12 with silver loaded epaxy resin W (Araldlte) and left to set 
for 20 minute s at 10 0** C. 

B) K) mg of TTF (FLUKA) were added to I ml of acetone and allowed to dissolve. The electrode (0 was 
placed In this solution and left at 30*Cfor two hours. After this time the electrode was removed and left to 
air dry for 60 minutes at room temperature. 

C) The electrode 10 was transferrad to a solution of 20 mg/ml l*cyclohsxyf-a(2-morphonnoethyl) 
caibodnmlde metho-p*toluene sulphonate (Sigma Chemical Company) In 0^ M citrate buffer pH 5.5 for 90 
minutes at room temperature. TWs la a bHUnctlonal llgand to aid Immobiitsallon of the enzyme on the 
electrode through covalent bonding between carboj^l and amino groups. The electrode was rinsed 
thoroughly In distilled water beftore being placed In 25 mg/ml glucose oxidase solution (EC LL3>C, Sturge 
Blochemlcals] In 20 mM carix>nate buffer pH 9-5 at room temperature for GO minutes. The electrode was 
rinsed in 20 mM phosphate buffer pM 7 and was ready to use. 

The results given below are derfved from evanaging the output of Ave electrodes constructed and prepared 
as above. The output of the different electrodes can vary conslderab^ and win depend to acme extent on the 
surface area. However, car^l construction can Increase the consistency between electrodes. 

Apparatus 

The sensors ware operated using a BBC 32K microcomputer via a programmabia biosensor Interiace 
(AftBk, Lavendon, Bucks., EngIand)(i.e),Thls system utflTsed a Ag/AgCI referance elecbode. A throe electrode 
configuration was also employed for temperature profffle and cunrent potenftal curve determination, A 
saturated calomel electrode was used as a reference and the auxniary electrode was OAS mm diameter 
platinum wire. 

The s nsore were Immereed In IS ml of buffer (usually 20 mM phosphate buffer pH 7.0), contained in a 20 ml 
glass water-Jackated ceR thermostatted at 25 ± 0.6'a Unless stated otharwfa«» tfia Mm^om war. poiMd 
200 rrA/ var«uQ Ag/Agci oi* foo ntv versus saturat d cal mel lectrode. 
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Buffera and Raanenta 
The standard fiuffar was 20 mM sodium phoaphate pH 7,0 containing OJ M KCI, 
The buffara used for the pH profifas contained 0,r M KCI and were as foHowa: 

pH 4A 20 mM citric acid-Nas HPO4 5 

pH 4^, 20 mM citric acid-Nat HPO4 

pH 6.0. 20 mM citric ecld-Naz HPO4 

pH 5.8. 20 mM sodium phosphate 

pH 6.3, 20 mM sodium ptiosphate 

pH 7A 20 mM sodium phosphate 

pH 7^. 20 mM sodium phosphate 

pH 6.0, 20 mM sodium phosphate 

pH 9«4, 20 mM sodium cart>onate 

Buffers used In the three electrode system lacked OJ M KCI. Glucose was Introduced Into the system by 
Injection of known volumns of 1.0 M 0-gtucose which had bean stored overnight to allow equUIbratlon of a- and is 
p-anomere. Ail chemicals were of analytical grade. 

Calibration of the Enzyme Electrode 

The currant voltage response obtained for the TTF modified glucose oxidase (GOD) electrodes le shown In 
Flg.2. This was obtained by subtracting the currents given by the electrode In the abaence of glucose from 20 
currents given by the electrodes !n the presence of glucose, at vartous operating potentials. The plateau 
region from 220 to 400 mV concurs with other unreported data obtained from direct current cydle voltammetry 
of TTF. tt was at potentials near the lower end of this region that the electrodes were operated, thus minimising 
the effect of small fluctuations In the reference potential, whilst also minlmlalng the amount of 
enzyme-Independent oxidation of redox species present in samples. Control electrodes lacking TTF or GOD £S 
gave no current In response to glucose. 

The electrodes gave a linear steady-state cunfent response In the range 0 to 25 mM (Flg^). Above 25 mM 
the calibration curve became non-Ilnear saturating at 70 mM glucose. This was consletem with prevloua 
results using ferrocene(fi) and was considered to be a reflection of the inherent enzyme kinetfcs of the 
Immobilised glucose oxidase under tf>eae condWone. The responae of the electrode to glucose was rapid; the so 
electrodes ^Icaily took 3 to 5 minutes to reach a steadyNstate current, 90Vo of this responae being achieved 
60 to 90 seconds after the glucose addition. The standard deviation error bars shown in Flg,3 for 
measuremants f^om five different electrodes Indicate the rsprodudbllity afforded by thle simple fabrication 
technique. 

pH Profile of Enzyme Electrodes 

The effect of pM on the anodic current of the electrode was Investigated over the range, pH 4.0 to 9.4 (Flg.4). 
The data In Flg.4 Is expressed as a percentage of the current at pH 75 to reduce the en-or between electrodes 
of different Initial activity. The electrodes demonstrated an optimum at pH 7£. This result Is In agreement with 
data published for the use of glucose oxidase with other artificial electron acceptoraOsjs), compared to the pH 40 
optimum of 5.5 to 5.7 when oxygen la the electron acceptorOTj. TTF replaces oxygen In the native reaction, this 
greatly reducing the production of hydrogen peroxide. This results In an excess of protons In close proximity 
to the enzyme making the micro-environment of the enzyme become more addle and producing an apporentiy 
more basic pH optimum for the enzyme. The extremes of the pH range gave rise to denaturation of the enzvme 
electrode. ' ^ 

The Effect of Temperature on the Erizyme Electrode 

The effect of temperature on the electrode was investigated between 4 to 60' C. Flg.5 shows the typical 
increase of an electrode's steady-state current In response to Increasing temperature, at saturating glucose 
concentrations (80 mM). Within the linear portion of the graph there was an average Increase of L8 |iA/'C. SO 
Above 35»C ti^e plot ceased to be linear due to thannal denaturation of the enzyme electrode. When 
maintained at temperatures above 35* C the cumant fell rapidly, tttis affect being more severe at hlahor 
temperaturas. 

The Effect of Oxygen on the Erueyme Electrode ^ 

Rg. 6 Is a graph showing the effect of nitrogen and oxygen saturation on the anodic current of a typical 
TTF-modlfied glucose oxidase electrode, at saturating glucose concentration (Glucose - iOO mM). 

Peak currents achieved from the electrodes when operating In ro^gen-eaturated buffer were IS.iQ/b ± 
5.9SO/0 (n « 6) lower than ttie peak cun-ents obtained In nitrogen saturated buffer. The electrodes were polead 
at a low potential (200 mV versus Ag/AgCI) and any HaOa produced would n t hsve been oxidised by the 60 

lectrodo. The oj^gon interferan effect was the result of competition between TTF and oxygen for electrons 
from the reduced enzyme, highlighting the need for a mediator t have a high affinity for electrons and fast 
electron transfer Wn tics. When the electirodes were operated In air saturated buffer th reduction In current 
du to oxygen In tite air was 1 as than 5<Vb. Under normal operating conditions, therefore, oxygen Interference 
would be n«anolbfe. ^ 
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stability of the Electrodes 

h»lJ'!l!ri?f 1*^*"*''^'* If* "^'^a 0'"«»«a coneantnalons (80 mM) the peak current had a 
2^^™ cuiTTOt wentuany tell to a staady laval after ea. 12 hours. TOs was not dueto 

consumption of the glucoaa by glucose oxidase, since Airther additions of sruceae did not flfveVtee to htah" 

■JP*^" v*h the same electrodes simllar results iam 

hufter^oH ^/r.^^ ojWnaloifrBnt response. Enzyme electrodes were stored in » mM pho^hate 
^^^Z ^ «™ aleetrodas produced normal responses to addSTof 

TfF-modlded Glueosa Dehydrpqenase 

wwi a dehydroflanasB. quhtopretain glucosa dehydrogenase (EC Uj89J7) was 
atudlei This NAD^ndepBndartglU»» 

SO JxSJf " * reactten. thus It Is less suacepSbIa to changes In oxygen tension than gli^ 

««?h^^ f^^^TJ^ ^m?"* ™t «P «» described previously. A standard dialysis membrBna 
wasbonad In m EDTA forB inlmitas and than thoroughly Mshiid m purflied water. Thi TTF modlRed 
frn^^^J^^^^f ^ "^JF»^ buffer. pH 5.S. end concentrated glucose dehydrogenase IsoiLd 
« JS"^^Ss=^^,^S2^<«'^*'*»'W«»cltottia8ur(a^ 

thte • rasponse In the range <W0 mM. Above 

r . **IIbratfon curve becaine non-Ilnesr saturating at ea. SO mM. Thus. glucose/TTF wfll readllv 
transfer electrons fmm glucose dehydrogenase. »iucoob/ i i r wiu reaaiiy 

^ The Use cf TTF wtth L-a mlno«fd Oxidaae as an L-amtno-aold sensor 

t'lT'™^ expenmente ware also performed on en L-emIno add sensor using TTF as a mediator. L-«mlno 
acid sensors were eonstiucted essentially as described by Olcks at al 08). with the exeeptlan that TTFvwa 

Bectron Transfer trom Gluc ose Oxidase to a Graphite Bactrode In A ouaous Solution 
, T^s«*amaVlnaoiutila(n water. It Is this property which allows it to be readily entrapped at an electrode 
.^S^n'^! " wed m buffered solution. It Is. however, sometimes desirable to use mSdTato" ^ aS~^ 
^^u L?JT^ ^ mvosdoate the kinefice of electren transfer 1i»m enzymes to medr^r^o"fo?^srS 
electrochemical en^e empilficatlon end labaning systema 
*□ mg of TTF vraa dIssolvBd In I mi of TWeen-ZO fTrade Mark). This solution wns meda up to 100 mi wHh 20 mM 

^u^^^Jir^^^ oeneretor. A 5 mm diameter glassy carbon working electrode Wl a platinum 
If^^n ^^^^ * ""Wratod «lomeI electrode as reference. The experiment was performed 

the TTF wriutlon and 300 pi of I M glucose. Unear sweep voltemeHy (l_S.V.) st a sweep rate of « rnV/seo was 
S vl'reS: ^ °' " """"" souSoTJis^ei 

« "^.-'SS" "0- S e'flnWeant electron transfer from the glucose oxidaae to the electrode via TIF 
peak of TTF determined cyclic voltametry. «« w»i«u»««i 

Sensor yyith Impreved Enzvme Immobinsation 

ca?h??mB,^L'!!2S!^ InsfabUlty of the oaijodnmlde ImmobiDsed electrodes, the lifetfme of the electrodes 
n^fcJT'^I^^^T^Af "P®"®'' "nnwbmsatlon method. Glucose oxidsse is a glycoenzyme (containing KfA 

HI* oPPO««nfty to "nk enzyme molecules togethi-^ toa^iscSde Ss^ 
carbohydrate chains rather than through amino add resldussom w»eirooB via res 

so exStty^^b^faS!"*" conatructed as described pravlousVend athree electrode system was employed 

n^ISm^ 'r'-^' *~ dissolved with K) mg sodlum^eta-periodste In 5 mi SDO 

B^?^^ * !f Ji!!?^^'' overnight In the dark at 4« C. The en^e was dMsited using a Sepha^ 
Q^column (Pharmacia PD-IO prepacked column). The resuhiint perfodato axldfaad enzvme wiJ ttwn stored 

«5 t^^r','''^^^'''^'^.^^'''' base ele^ctrndes ^iSne^^rf SC^I^'^ 
«^ naieadec=y(Kmin» In athatnoi o ma/mi> for is mfnuto*. Tho olocirodes wro removBd« 3hflken and aflowed t air 
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diy. The dry electrodea were then placed In a solution of TTF In acetone (iO ma/m!) and left for I hour at ro m 
temperature, removed, shaken and allowed to air dry. FoHowIno thia procedure, the electrodes were placed 
Into the periodate-oxidlfied glucose oxidase solution and Incutxated at room temperature for 90 minutes. After 
removal from the enzyme solution the electrodes ware Immediately placed In a solution of adipic dlhydrazlde In 
100 mM sodium acetate buffer. pH 55 (as mg/ml) and leftfor 30 minutes at room temperature. The electrodes 
were then rinsed In distilled water and were ready for use or storege m 20 mM phosphate buffer pH 7J5 at 4"C. 

As shown In Fig. 10. the electrodes gave a linear steady-state cun^nt response In the range 045 mM glucose. 
Above 16 mM the calibration curve became nonlinear as the glucose concentration approached electrode 
saturation. The cunrenl response of the electrodes wis high. The response of the electrode was rapid and 
comparable to that achieved with carbodHmlde treated electrodes, taking 2-4 minutes to reach ateadyrstate 
currant, 90^ of this response being reached In 60-80 seconds. The half-life decay of this eteotrodes' response 
at saturating glucose concentrations (SO mM) was ca. 5.6 houra. This was en Improvement of soma 3 houre 
over the carbodHmlde treated electrodes. This method can be ftirther proved by the use of pertodate 
oxidised dextran to cros3*nnk the enzyme adlpIc dlhydrazlde. 

Conclusions 

Enzyme electrodes based on TTF exhibited fast electron transfer, tow oxygen Interference and a r^ld 
response time with reproducible perfonmance between electrodea. The effect of pH agrees with other 
pubNshed data regarding glucose oxidase and artWelal electron acceptorsflWS), The pH optimum, however, 
was more marked than data presented on pH dependance of ferrocene mediated glucose oxidase so 
electrodas(8). Preconditioned electrodes vs^re reasonably stable and may be suitable for use In *'one-shot* 
tests using disposable electrodes. Short term continuous use would also be possible. 

These results demonstrate that TTF Is a useful and varsatne mediator of electron transfer between biological 
systems and electrodes. Blotoglcal systems may be enzymes, cell fragments, Intact cells, tissues or enzyme 
labelled affinity reactions. TTF derivatives, such as mono- or polywboxyHc add derhntlves or mono- or ss 
poly-amino derfvatfves. may be prefierable to TTF itself In some clfcumstances; for example In providing 
greater solubility where the TTF Is to tie used in solution, or In providing aide graups tor linking the TTF 
molecule to the electrode surface, an enzyme, or both. Thus, TTF will be useful In a number of configurationa 
which have previously been demonstrated with other medlatore. These Include: 

(I) linking a TTF derivative such as monocarboxyllc acid to an enzyme thus randarina It so 
electroohsmlcally actlve(20>; 

(II) the use of medlatora for affinity assays (Immunoassay. RNA probes and DNA probes) either as a 
soluble mediator or a derfvatlvo which Is cleaved and then takes part In or actuates an electrochemical 
reaction; 

(III) electrochemical applfcations such as biological fuel cells and bloelectrosynthesle of chemicals. ss 
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1. A broslectrochamlcal process InvoMng electron transfer between « redox system and an electroda 
characterised m that saki etactron truwfar Is mediated tjy a tetralhlBfulvalene, not bafng an elactrtcaUy 
conduotivo chai^ge-transfer complex wfth an electron acceptor molecuf a 

2. A process according to dabn I wherein the tetrathiBfutvarene Is in solution, 

3. A procesa according to cfabn I wheroln the tetTBthlaftifvalane Is deposited on said electrode. 

4. A process according to any one of the prscedTng claims wherein said electrode has ImmofaHlsed on It 
an oxldoreduotase en^elhat takes part in said proceae. 

5. A process accordlna to dalm 4 wherein the enzyme Is a gycoprotefn Immobilised on the electrode 
via Its carbohydrate groups. 

6. A process according to any one of the preceding dalnns wherein the process Involves the oxidation 
of glucose cafcaVsed by the enzyme glucose oxidase or glucose dehydrogenase or the oxidation of an 
amino acid tiy amino acid oxldaae. 

7. An aasay procedure wWch comprises aprocass according to ariy one of the preceding claims. 

8- An assay procedure according to claim 7 %vherBlh the process comprfsas an enzyme4abeUed affinity 
reaction. ^ 

9- An electrode for use in a btoelectrochemlcal process of dalm I, aald electr%)de comprising a 
conductive aurface onto which a tatrathlaftiNalene la deposited. 

10. An electrode according to ctafm 9 wheraln said conductive aurfiaee comprises graphite. 
IL An electrode according to cia&n 9 or dalm K) wherein tiie conductive aurlace also has an 
oxldoreduotase en^^e Immobilfsed on It 

12- An electrode according to dalm U wheraln the enzyme fs a glycoprotein and la Immobmsed on the 
conductive surface via Its ceitKkhydrate groups. 

13. An electrode aceordmg to dalm U ordaim 12 wheraln said en^e Is glucose osddase. 

14. A bToelsctrochemlcal cell Incorporating an electrode of any one of claims 9 to 13. 
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